A new semi-theoretical thin-layer model of the fl uidized bed drying of Echium amoenum Fisch. & C.A. Mey. petals has been developed. Experiments were conducted under diff erent conditions: temperatures of 40, 50 and 60 °C, and air velocities of 0.5, 0.75 and 1.0 m/s, until the moisture content decreased to 0.04.-0.06 kg of water per kg of dry matt er. Drying processes in the fl uidized bed were completed in between 55 and 465 min, with minimum drying time required at the maximum temperature of 60 °C and air velocity of 1 m/s. The comparison of the new model developed here with sixteen previously published theoretical, semi-empirical or empirical thin-layer drying equations shows that using the new model the highest coeffi cient of correlation, the lowest reduced chi-square and root mean square error were obtained. The highest retention of total phenolic compounds in E. amoenum petals was achieved when drying at 60 °C and 1.0 m/s.
Introduction
Growing at an altitude ranging from 60 to 2200 m (1), Echium amoenum Fisch. & C.A. Mey. (Boraginaceae) is a biennial or perennial herb indigenous to the narrow zone of Northern Iran and Caucasus area. The dried violet--blue petals of E. amoenum, also known in the Iranian traditional medicine as Gol-e-Gavzaban, have long been used as a tonic, tranquillizer, diaphoretic and a remedy for cough, sore throat and pneumonia (2, 3) . The quality of freshly harvested E. amoenum petals deteriorates rapidly if they are not dried immediately. In Iran E. amoenum petals are traditionally sun-dried and even though this process is economical, the mechanical drying would be much more time-effi cient, prevent losses and produce superior products compared with sun drying (4) .
The fl uidized bed is one of the most preferred techniques with a wide range of applications in diff erent industries for drying fertilizers, chemicals, pharmaceuticals and minerals, for use as simple absorbers, in wastewater systems and complex reactors. New designs enable the application of fl uidized bed for drying coarse material that does not fl uidize easily. Compared with other drying methods, fl uidized beds off er some advantages including a higher heat capacity, improved rates of heat and mass transfer between the phases, and ease of handling and transportation of fl uidized solids (5) .
The drying kinetics is a complex phenomenon requiring a simple method in order to predict the drying behaviour and optimize the drying parameters. Thus, thin-layer drying equations have been used for prediction of drying time and for generating drying curves (6) . While the thin--layer drying curves of fruits and vegetables are usually modelled using empirical, semi-empirical or analytical equations, some of the popular mathematical models such as the logarithmic equation are used for pumpkin, strawberry and mushroom (7-9), Page equation for green chilli, fl ax fi bre, young coconut, sweet potato, carrot and kiwifruit (10) (11) (12) (13) (14) (15) , Henderson-Pabis equation for fruits (16) , Thompson equation for green peas (17) , single-term exponential model for onion slices (18) and Midilli equation for fruits and vegetables (19, 20) .
The present study aims to develop a new empirical model that would be more compatible with the drying kinetics. Furthermore, the new empirical model is compared with sixteen empirical or semi-empirical models published in the literature and commonly used for fruits and vegetables. Although the decoct of E. amoenum dry petals is used widely in the folk medicine, very few studies have focused on their drying (21) ; therefore, this research has been conducted in an att empt to determine the eff ect of drying conditions on total phenolic content.
Materials and Methods

Fluidized bed dryer
A laboratory-scale fl uidized bed dryer ( Fig. 1) constructed at the Department of Agricultural Machinery Engineering of Azadshahr University, Iran, was used to conduct drying experiments. It consisted of an air-heating device, chamber, and control systems for air and temperature. The fl uidized bed chamber, made of stainless steel with inside dimensions of 250 mm×250 mm×300 mm, is connected with a fan, a duct made of stainless steel to supply air, while the distributor plate, with thickness of 1 mm and holes of 3 mm in diameter, was tightly fi xed to the bott om of the chamber. The fl uidizing air is supplied by a 1.5-kW blower, while an anemometer is used to regulate the air velocity manually. The heating unit consists of three fi n heaters each of 800 W using thermostat-type temperature controls in order to adjust the desired drying temperature.
Drying experiments
In order to determine the drying kinetics, the Echium amoenum petals were dried in a fl uidized bed dryer at 40, 50 and 60 °C and three diff erent air velocities (0.5, 0.75 and 1 m/s). Collected from Ali-Abad (Golestan Province, Iran), fresh E. amoenum petals used in the drying experiments were stored at (4.0±0.5) °C before the beginning of the drying process. Their initial moisture content of about 8.67 to 10.29 kg of water per kg of dry matt er was determined by oven drying at 105 °C according to the Polish Standard PN-R-87019:1991 (22) . Nearly 1.4 kg/m 2 of E. amoenum petals was uniformly spread in a thin layer on a perforated stainless steel tray for drying, and moisture loss was recorded at 5-minute intervals by a digital precision balance of 0.01 g accuracy (A&D-FX-1200i; A&D Company, Ltd, Tokyo, Japan). The experiment was repeated three times, and each time the drying continued until there was not any change in the moisture content observed.
Mathematical modelling of the drying curve
The proposed equation for the modelling of the drying curve is as follows:
where MR is the moisture ratio, which can be calculated as follows:
where M t , M 0 and M e are the moisture content at time t, the initial and equilibrium points, respectively, expressed in percentage on dry matt er basis. During thin-layer drying of E. amoenum petals in fl uidized bed dryer, the samples were not exposed to uniform relative humidity and temperature continuously; therefore, the moisture ratio was simplifi ed according to Doymaz (14) and Pala et al. (23) to:
In order to select a suitable model to describe the drying process of E. amoenum petals, the drying curves were fi tt ed with the newly proposed model and sixteen thin--layer drying equations from the literature. The evaluated moisture ratio models are shown in Table 1 (13, 16, (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) .
Nonlinear regression analyses of these equations were applied using MATLAB v. 7.8.0.347 (MATLAB Inc., Natick, MA, USA) in order to estimate the parameters k, 
Total phenolic content analysis
Total polyphenol content was estimated using Folin--Ciocalteu's assay (38, 39) . A known concentration of E. amoenum petal extract (10 mg/mL) was mixed with 1.0 mL of Folin-Ciocalteu's reagent, 0.8 mL of Na 2 CO 3 was added and the mixture volume was then increased to 10 mL, using a water/methanol mixture (4:6). Absorbance was read at 740 nm aft er 30 min using a spectrophotometer (type 108; Systronics, Ahmedabad, Gujarat, India). Using tannic acid (0-800 mg/L) to produce a standard calibration curve, the total phenolic content was expressed in mg of tannic acid equivalents (TAE) per 100 g of sample (40) .
Statistical analysis
Two full-factorial experimental designs were used in this research, and ANOVA was performed using PASW (Predictive Analytics Soft ware) statistics soft ware v. 18.0 (SPSS Inc., Chicago, IL, USA) to determine the infl uence of the contribution of the independent variables (temperature and air velocity) on both the total phenolic content loss and drying time using a signifi cance level of 1 %. All measurements were done in triplicate, the data were presented as mean values and compared with others using Duncan's multiple range tests. The linear or non-linear regression procedures were applied to determine the relationship of independent variables with total phenolic content loss and drying time, and regression coeffi cients (R 2 ) were given to assess the accuracy of the obtained relationships.
Results and Discussion
Drying curves
An average initial moisture content of E. amoenum petals was from 8.67 to 10.29 kg of water per kg of dry matt er, which was reduced to 0.04 to 0.06 kg/kg at 40, 50 and 60 °C and drying air velocities of 0.5, 0.75 and 1 m/s, using a fl uidized bed dryer. The time to reduce the moisture ratio to any given level depended on the drying conditions, thus it took 55-465 min in the fl uidized bed dryer, and about 2-3 days when sun drying in the open air in May and June of 2014.
Diff erent values of moisture ratio as a function of time required for E. amoneum petals to be dried depend on the diff erent drying conditions in fl uidized bed dryer ( Figs. 2 and 3 ). The infl uence of the drying temperature (40, 50 and 60 °C) on moisture ratio is shown in Fig. 2 . It has been shown that in the temperature range of this experiment, higher temperatures lead to the faster drying rate and result in shorter drying time, which is due to the increased heat transfer gradient between the air and the petals, which facilitates water evaporation from the petals.
Moisture content reduction was faster at the beginning of the process than at the end, due to the slow diff usion process. This can be explained by the fact that the petals contained a large quantity of bulk water in the beginning, which was easily transferred to the sur face and MR=moisture ratio, t=time of drying evaporated. As the drying time increased, the bulk water content was signifi cantly reduced, while bound water was more diffi cult to transfer and therefore the drying process slowed down. This can even lead to the 'hard shell' eff ect, causing a signifi cant decrease in the diff usion and drying rates.
With an increase in the air velocity, the drying rate of E. amoenum petals also increased (Fig. 3) . The values of moisture ratio between the experimental drying curves in Fig. 3 are smaller than those in Fig. 2 , which means that increasing the velocity of the hot air cannot shorten the drying time notably; on the contrary, it may only result in wast ing energy. The results proved that the process of drying E. amoenum petals was controlled by internal moisture diff usion. As the moisture evaporation rate on the surface of E. amoenum petals was faster than the moisture diff usion within them, internal moisture did not transfer to the surface to evaporate, which is the main reason why the hot air velocity had less obvious eff ects on the moisture ratio and the drying speed. In the selected temperature range at a specifi c drying time the diff erence in the moisture ratio was smaller at a higher (1.0 m/s) than at a lower air velocity (0.5 m/s).
Mathematical modelling
It has been observed that the Page model (model no. 1 in Table 1 ) is the best among the diff erent models including the models of Lewis, Henderson-Pabis, logarithmic, Wang and Singh, diff usion approximation and Mid- In this study, seven additional models have been evaluated including a new model and sixteen thin-layer drying models defi ned by various researchers presented in Table  1 . The coeffi cient of correlation (R 2 ), root mean square error (RMSE) and chi-square (χ 2 ) obtained in the thin-layer fl uidized bed drying are shown in Tables 2-4 . A special empha- For abbreviations see Table 2 sis is put on the R 2 as one of the primary criteria for selecting the best model for defi ning the hot-air drying curves of the petals. Thin-layer drying model in which the R 2 is mostly close to 1.0000 and RMSE and χ 2 values are mostly near 0.0000 was the optimum model. The new model proposed here has the highest R 2 and the lowest RMSE and χ 2 For abbreviations see Table 2   Table 5 . Coeffi cients (see Table 1 values among all drying tests (Tables 2-4) , so it can fi t suitably to the data, compared to the other models investigated in this paper and our previous study (21) .
The fl uidized bed drying constants and the coefficients of the thin-layer drying models are shown in Tables  5-7 . 
The eff ect of drying conditions on total phenolic content
Several scientifi c works have focused on the study of the eff ects of drying process on vegetable phenolic compounds and concluded that it can vary from having no eff ect at all (41) , to causing signifi cant losses (42) (43) (44) (45) (46) or enhancement of total phenolic content (TPC) (47) (48) (49) . Therefore, TPC was evaluated in dried E. amoenum petals to obtain the percentage losses, and thus determine the eff ect of drying conditions on TPC change.
The results of the statistical analysis of variance (ANOVA) and Duncan's test of the data obtained from the experiment are presented in Table 8 , and they show that there are signifi cant diff erences among the TPC values (p<0.01), and also that the eff ect of drying air velocity and drying temperature on TPC losses is highly signifi cant (p<0.01) in a way that at 60 °C, the highest drying temperature, degradation of total phenolics is the slowest. High drying temperatures could be the result of inactivation of enzymes responsible for the oxidation of polyphenols such as polyphenol oxidases and peroxidases, present in plant materials (43, 49) , while the formation of phenolic compounds at high temperatures might be caused by the availability of phenolic precursor molecules through nonenzymatic interconversion between phenolic molecules (50) , which is probably due to high convective forces acting at the air-solid interface, and retarding heat diff usion into the petals. Being localised in hydrophilic regions of cells such as vacuoles and apoplasts or as other soluble phenols in the cytoplasm and in the cell nuclei (51), the phenolic glycosides are protected from heat by the cell wall material. Internal resistance to heat diff usion is therefore an important parameter to be considered that aff ects the quality of the product during heat treatment.
Similarly, maximum reduction in TPC was seen in onion dried at 50 °C, whereas a lower reduction was seen when drying at 70 °C (52). According to Gupta et al. (49) and Garau et al. (53) , who concluded that longer drying times would result in higher reduction of TPC in orange by-products, important losses of TPC at lower drying temperature could also be att ributed to the longer duration of drying.
It has been reported by Martín-Cabrejas et al. (54) and Mrad et al. (55) that TPC reduction might also be caused by the binding of polyphenols with other compounds or by the modifi cation of their chemical structure following heat treatment, which would prevent their extraction and determination by the adopted methods.
The following equation was derived from the experimental data in order to express the relationship between the TPC and the independent variables. Statistical results show that 97.7 % of TPC variability can be explained by this equation, with independent and identical distribution: /7/ where T and v are drying temperature and air velocity, respectively.
Eff ect of drying conditions on drying time
Drying time is the time required to reduce the moisture content of E. amoenum petals to 5 % on dry mass basis . The ANOVA of drying time with respect to temperature and air velocity was analyzed (Table 9 ) and the F--values of temperature and air velocities were signifi cant (p<0.05).
The results of modelling of the interaction eff ects of air velocity and temperature on drying time of the samples are shown in Fig. 5 . It can be seen that the maximum drying time (465 min) was exhausted at the lowest temperature and air velocity (40 °C and 0.5 m/s, respectively) and the minimum drying time (55 min) was spent at the highest temperature and air velocity (60 °C and of 1.0 m/s, respectively). For comparison, the longest drying time is 8.29 times longer than the shortest. While drying at higher temperature and higher velocity of air circulation intensifi es the drying rate of the E. amoenum petals and leads to a shorter drying time, it has also been observed that within certain ranges of air velocity (0.5-1.0 m/s) and temperature (40-60 °C), the temperature had stronger eff ect than air velocity, which was also observed by Kumar et al. (56) during the thin-layer drying of carrot pomace, rice fl our and production of pulse powder.
Drying time is signifi cantly aff ected by the linear terms of all the independent variables. Both drying temperature and air velocity have a negative linear eff ect on total drying time (Fig. 5) . The following equation was obtained from the experimental data to express the relationship between the total drying time and process variables.
/8/
The statistical results show that 99.2 % of drying time (DT) variability is explained by this equation. The distribution was independent and identical.
Therefore, an optimum combination of drying temperature and air velocity should be established for each product polyphenolic profi le to minimize the degradation of these bioactive compounds during the dehydration, leading to the recovery of phenolic compounds and derivatives (57) . It was concluded from the obtained results that the optimum drying conditions to reach the maximum TPC with the minimum drying time of dried E. amoenum petals is the temperature of 60 °C and air velocity of 1.0 m/s.
Conclusions
The eff ects of diff erent air velocities and temperatures on the drying of Echium amoenum petals was evaluated based on the drying parameters such as drying time and moisture ratio. Drying period was completed between 55 and 465 min at diff erent temperatures (40-60 °C) and air velocities (0. 5, 0.75 and 1.0 m/s). Using seventeen diff erent drying models in this study, the statistical parameters including the coeffi cient of correlation, root mean square error and chi-square values, as well as the constant and coeffi cients of these models were calculated. Drawing a comparison between the new model and sixteen previous ones, it has been shown that the newly proposed model gives the best results that are mostly in agreement with the experimental data, including the thin--layer drying process. On the other hand, the highest total phenolic content (TPC) was preserved at 60 °C and 1.0 m/s, probably due to the short drying time and therefore, shorter exposure of the phenolics to the thermal eff ect. The optimum drying conditions of E. amoenum petals to extract the maximum TPC are the minimum drying time of 55 min at temperature of 60 °C and air velocity of 1.0 m/s. 
